States rely upon photochemical models to predict the impacts of air quality attainment strategies, but the performance of those predictions is rarely evaluated retrospectively. State implementation plans (SIPs) developed to attain the 1997 U.S. standard for fine particulate matter (PM2. quality improvements tended to be largest at monitors that were initially the most polluted.
INTRODUCTION
The Clean Air Act authorizes the U.S. Environmental Protection Agency (EPA) to set National Ambient Air Quality Standards (NAAQS) for six criteria pollutants, yet it is the states' responsibility to attain those standards. Attainment demonstrations, submitted by states to US EPA as revisions to state implementation plans (SIPs), set forth control measures for reducing emissions as well as modeling to demonstrate that the measures will be sufficient to attain the NAAQS by the targeted attainment date. The effectiveness of state-level attainment efforts is a speciated into seven components, with separate RRFs computed and applied to each. Since the majority of regulatory PM2.5 monitors do not speciate composition, speciation is typically inferred from nearby monitors that provide those measurements.
Very few studies have reviewed the content of attainment demonstrations or evaluated their performance in improving air quality and achieving ambient standards. Several studies have documented substantial reductions in PM observed in various portions of the U.S. over the past decade (Blanchard et al., 2013; Coen et al., 2013; Hand et al., 2013) but did not link those improvements to state-level efforts. Fine and Owen (2005) reviewed the SIP process and the roles of modeling and public participation. A comprehensive review of air quality management in the United States (NRC, 2004 ) assessed the role of attainment demonstrations and the relative contributions of state and federal measures.
Two studies have assessed the modeling approach to predicting attainment of ozone standards (Jones et al., 2005; Sistla et al., 2004) . Pegues et al. (2012) evaluated the performance of SIPs in achieving attainment of the 1997 ozone standard, and compared rates of air quality improvement in regions that were and were not required to develop an attainment demonstration. However, the methodology of the speciated modeled attainment test for PM2.5 and its performance in predictions of pollutant levels have not been evaluated previously in the peer-reviewed literature.
Here, we build from the approach of Pegues et al. to assess attainment demonstrations developed to meet EPA's 1997 annual PM2.5 standard by 2009. Regulatory model predictions of future air quality are compared to observations to assess their performance in predicting future attainment and air quality improvements. Trends in reducing PM2.5 are compared for regions that did and did not submit an attainment demonstration. This provides circumstantial evidence of whether nonattainment designation and the development of an attainment plan prompted accelerated efforts to improve air quality.
METHODS Attainment Demonstrations Considered
Online searches and inquiries to state air quality agencies and regional EPA offices were conducted to obtain all available attainment demonstrations that sought attainment of the 1997 annual PM2.5 standard by 2009 (Table 1 ). The analysis covers 23 nonattainment regions, some of which span multiple states that each developed attainment demonstrations. When a nonattainment region is under the jurisdiction of more than one state, attainment demonstrations from all of these states are used, with modeling results for each monitor taken from the corresponding state to the extent possible. In some cases (e.g., the New Jersey SIP for Philadelphia), a multi-state region necessitates submittal of a document even by a state whose monitors within that region meet the standard. Although Table 1 separates results by state in multi-state regions, it is the highest DV across each region that ultimately determines attainment status.
Some regions were excluded in this study, as they achieved the standard early and thus did not submit full attainment demonstrations. We were unable to obtain attainment demonstrations from Illinois, and thus use the Missouri attainment demonstration for all St. Louis monitors. Given our focus on the 2009 attainment year, regions that requested an extension to 2014 (Liberty-Clairton, PA, and Los Angeles-South Coast and San Joaquin Valley, CA) were also excluded. However, the attainment demonstration for Birmingham, AL, is included, since it initially sought attainment by 2009 but requested a 2012 target after modeling showed more time was needed; the region was subsequently redesignated to attainment status after its 2010 observed DV attained the standard.
The attainment demonstrations considered here were submitted between 2008 and 2010 (Table   1) , due to the delays in implementing the PM2.5 NAAQS following litigation. Thus, observations counting toward the targeted 2009 DV were already underway when the attainment demonstrations were submitted. Nevertheless, the modeling and emission inventory development reported in the attainment demonstrations were undertaken years earlier and thus can still be viewed as predictions of year 2009 conditions. The EPA guidance document for attainment demonstrations recommends the speciated modeled attainment test as the primary predictor of whether an attainment plan is sufficient to attain the PM2.5 NAAQS by the targeted date (US-EPA, 2007) . The test is based on the application of a photochemical model to predict trends in pollutant levels between the base and targeted time periods. All of the attainment demonstrations considered here adopted the recommended test and used either the Community Multiscale Air Quality (CMAQ) model (Byun and Schere, 2006) CAMx was used primarily in Midwest states which shared modeling development through the Lake Michigan Air Directors Consortium, whereas CMAQ was used in most other states. 
Improvements in Nonattainment and Attainment Regions
An important question in assessing the value of the SIP process is whether nonattainment designation and the subsequent development of state and local control measures for attainment plans spur accelerated improvements in air quality. During the period of interest, substantial emission reductions were achieved through national and interstate efforts to control NOx and SO2 from point sources, and tighter emissions standards for vehicles and fuels (US-EPA, 2003 ,2012 . State-level legislation approved prior to PM attainment planning, such as the North Carolina Clean Smokestacks Act (Schwarz, 2005) , also contributed to improvements. All of these measures, together with SIP-motivated state and local emissions controls, contributed to substantial reductions in all of the primary and secondary sources of PM except for ammonia (Xing et al., 2013) . The relative contribution of state and local measures prompted by attainment planning can be investigated by comparing the air quality improvements in the regions that developed attainment demonstrations with those that occurred elsewhere.
We expand our consideration of EPA AQS data beyond the regions identified in Table 1 (Table 1) , (2) regions that attained the standard prior to submitting an attainment demonstration, and (3) regions that are seeking to develop an attainment plan for a later attainment date. Results for these categories are summarized in Table   2 and displayed in Nonattainment regions that did not write an attainment demonstration due to observing clean data prior to submission achieved slightly larger average improvements than the regions that submitted attainment demonstrations (Table 2) . This is to be expected, since to achieve redesignation these regions inherently had observed improvements in air quality, which may or may not have resulted from control measures developed when an attainment demonstration was anticipated. Even faster air quality improvements were observed in regions that had not yet written an attainment demonstration as of 2009 due to a later attainment date. All but one of these monitors is in California, which has taken aggressive actions to reduce emissions of PM2.5
and its precursors (CARB, 2007) .
One hypothesis to be tested is whether PM reductions in each nonattainment region occurred fastest at the most polluted monitor, as localized control measures near that monitor may have been prioritized to achieve attainment. The PM2.5 standard assigns attainment status and an overall design value to each region based on the monitor with the highest design value, which creates added impetus to achieve reductions at that monitor. Table 1 regions (Table 2 ). This could reflect the success of localized controls in achieving additional improvements at the most problematic monitors. However, the stronger reduction at peak monitors is also part of the general trend of greatest air quality improvements where the initial concentrations were the highest, even among monitors in attainment regions that did not prepare an attainment demonstration (Figure 3 ).
DISCUSSION
All of the attainment demonstrations considered here used the EPA recommended speciated modeled attainment test as the primary predictor of PM2.5 levels in the target year. These attainment demonstrations represent the first opportunity to evaluate the performance of the speciated PM2.5 test in regulatory practice, since the test was set forth in an EPA guidance document in 2007. The modeled attainment test for PM2.5 faces greater challenges than the similar one for ozone evaluated by Pegues et al. (2012) , since it must consider PM on a speciated basis in predicting future concentrations. As noted earlier, the test for PM faces the added complication that speciation is not directly measured at most monitors and must be inferred from nearby speciation monitors.
Despite these challenges, the attainment test achieved accurate to somewhat conservative performance in predicting 2009 PM2.5 DVs, with low mean bias and error both for individual monitors and for the highest value in each region. The test also achieved a 94.8% success rate in predicting whether monitors would exceed the standard. At monitors where the test predicted false alarms, weight of evidence determinations subsequently proved correct in predicting that attainment would in fact be achieved.
The meaningfulness of these results in evaluating the speciated modeled attainment test and associated models may be questioned given that the attainment demonstrations were issued Although PM2.5 reductions were slightly greater at peak monitors that drive attainment status, improvements were widespread across the regions that submitted attainment demonstrations.
Given the correlations between incremental changes in PM2.5 and mortality rates (Pope and Dockery, 2006) , these improvements likely yielded substantial public health benefits.
The role of nonattainment status and the SIP process relative to national trends in driving these air quality improvements is difficult to quantify, since PM2.5 levels also declined in most regions that did not develop attainment demonstrations. The fastest air quality improvements occurred in nonattainment regions with later attainment dates than the regions considered in provide confidence in the continued use of the speciated modeled attainment test to predict future PM2.5 levels. The weight of evidence determinations proved to be a helpful supplement to the attainment test in the attainment demonstrations considered here, as they allowed states to document localized controls and other considerations that counteracted false alarm predictions of nonattainment. Caution is still needed in reviewing weight of evidence determinations, since for both ozone and PM2.5 they have almost uniformly been used to suggest pollution levels will be lower than modeled; as documented by Pegues et al. (2012) , this led to false predictions of attainment in some ozone attainment demonstrations. Nevertheless, the cases considered here paint an overall picture of success in achieving the previous PM2.5 standard, and substantial progress toward achieving the new one. .., .. 
